ABSTRACT Asymmetric sized single oxide diode (InZnO x /CuO x ) with single resistor (Ti-doped NiO) device (1D-1R) was integrated into a crossbar array at room temperature to provide high current through the diode while keeping resistance switching localized in a small area. The Ti (0.1 wt %) doped NiO layer was fabricated inside an inverted cone-structure to localize switching and improve general device performance. We were able observe resistance switching up to around 100 cycles in the 1D-1R structure. In addition, the addition of the diode to the structure acted as an external resistance suppressing overflow current during Ti-doped NiO switching from a high resistance state to a low resistance state, thus improving switching distribution in both low (average = 3.2×10 −5 , standard deviation = 1.3×10 −6 ) and high (average = 2.8×10 −6 , standard deviation = 6.7×10 −7 ) resistance states.
I. INTRODUCTION
Resistance switching devices, or memristors, have been the topic of research towards a new memory paradigm. In contrast to charge based memory currently being used it offers several benefits such as high-density, high-speed, and nonvolatile memory devices [1] - [3] . Resistance switching devices operate using either voltage-or current-controlled negative resistance [4] . More recently the similarity between the behavior of oxide memristors and biological synapses has been of interest for applications in neural networks [5] . One of the most well-known resistance switching oxides is NiO [6] . Due to its unipolar resistance switching behavior, that is the resistance changes occur using unidirectional current, it has the most promise for the crossbar array structure [7] . Additionally, because by using Ti doping, NiO can achieve high resistance values with room temperature deposition [8] , a requirement for integration with oxide diodes, it is even more fitting for stacked crossbar array structures.
However, further improvements are required before NiO based materials are ready for industry applications. One of the more important issues are the wide spread cycle to cycle resistance distribution and reset currents required for device operation [9] . Several others have reported on some success in improvements in these areas [1] , [2] , [10] . Here we present our results from the full integration of Ti-doped NiO with an oxide diode, all deposited at room temperature. We consolidate several separate schemes for improvement of switching distribution into a single integrated device and report on its performance. We are thus able to show higher cycling endurance for a 1D-1R device deposited at room temperature, and compare it to previous works [11] .
II. EXPERIMENT PROCEDURE
Fabrication of crossbar arrays with inverted conical structure for the switching layer (Ti-doped NiO) was performed as follows. First, we blanket deposited Pt by DC magnetron sputtering over the entire wafer. Next using standard photolithography and photoresist masks we etch the Pt in lines of 2 μm width and 5 μm spacing. Afterwards a 240 nm AlO x layer was deposited by atomic layer deposition to act as a mold. We then defined contact holes by photolithography of 1 μm diameter spaced 6 μm apart aligned to Pt lines. An inductively coupled plasma reactive ion etch of AlO x using BCl 3 /(Cl 2 +Ar) gas mixture showed a tapered profile with a resulting 700 nm diameter contact size.
Then the 10 nm thickness of localized switching layers were fabricated by reactive DC magnetron sputter of a Ti (0.1 wt %) doped Ni target in a mixture of Ar and O 2 gas (5 %). The Ti-doped NiO layer was deposited at room temperature, in contrast to previously best known conditions for bi-stable NiO films which were grown at between 350-450 o C [6] , [8] . We grew polycrystalline Ti-doped NiO thin films on Pt line/Ti/SiO 2 /Si substrates. Any substrate heating was not used while the working pressure of the chamber was 5 mTorr. A 30 nm Pt contact layer was then deposited and etched in 2 μm × 2 μm squares aligned above the previously defined contact holes.
The diode bi-layer (IZO/CuO) was also deposited by reactive DC magnetron sputtering. CuO (20 nm) and InZnO x (IZO) (60 nm) thin films were deposited at room temperature. by magnetron reactive sputtering methods using a target of CuO and IZO, respectively. 2 μm width Pt top electrode lines were formed aligned perpendicular to the bottom Pt electrodes by photo-lithography, sputtering, and a liftoff (or etching) process. The oxide diode was fabricated relatively larger than the switching oxide area due to the need to support high reset current in Ti-doped NiO. Other works have proposed oxide diodes with much higher current density which should be beneficial for future integration work [12] , [13] .
III. EXPERIMENT RESULTS

Fig
. 1(a) shows a top view SEM image of the final crossbar array fabricated with 2 μm × 2 μm contact sizes. Magnification on one of the nodes shows a dimple the size of ∼700 nm which is the localized Ti-doped NiO area. Cross sectional TEM images of the nodes are shown in Fig. 1 (b) and (c) respectively. The thickness of the 1D-1R device as fabricated was from top to bottom (top Pt (180 nm), IZO (60 nm), CuO (20 nm), Pt (30 nm), AlO x (240 nm), NiO (10 nm) and bottom Pt (60 nm)). The tapering of the AlO x layer shows top contact hole diameter sizes at ∼ 1 μm which tapered down to 700 nm where the localized Ti-doped NiO was deposited. We previously reported on the general benefits of having a localized oxide switching layer and low process temperature in comparison to those of bulk oxide films [8] , [9] .
X-ray Diffraction (XRD) spectra in glancing 2θ scan mode of NiO thin films deposited in oxygen partial pressures of 5% and room temperature are compared to the Ti-doped NiO samples in Fig. 1(d) . At equal deposition conditions, we were observed a much more intense peak from the (200) planes for Ti-doped NiO. In addition, I-V measurements of both types of samples was performed and is shown in Fig. 1(e) . The Ti-doped nickel oxide samples showed a resistivity increase of over three orders of magnitude. This occurs from the formation of negatively charged oxygen vacancies which act to compensate the positively charged Ni vacancies which are the majority charge carriers in NiO [8] . We previously demonstrated that higher resistivity relative to sample thickness in NiO was a requirement for observing switching [8] . By comparing the normalized intensities for the relative (111) and (200) NiO peaks, we observe that Tidoped sample shows higher resistivity and exhibit unipolar resistance switching.
Appropriate switching measurements and I-V data was measured for our samples and their individual components. First we verified the CuO/ZnO diode layer structure shown schematically in Fig. 2(a) to show rectifying properties as shown in Fig. 2(b) . We were able achieve a maximum current density of 10 4 A/cm 2 for diodes with 60 nm IZO. While 40 nm IZO samples showed similar current density because the CuO/IZO interface determines the resistance, the overall breakdown voltage was lower and not appropriate for usage in our device structures which required around 2 V for switching.
Next we tested the localized Ti-doped NiO layer as schematically shown in Fig. 2(c) . The switching properties of Ti-doped NiO and high temperature deposited NiO have been reported elsewhere [1] , [6] , [8] . In the I-V switching curves of Fig. 2(d) we observed unipolar switching of the localized NiO with both positive and negative biasing conditions. The behavior was relatively symmetric and differences can be attributed to the cycle to cycle distribution.
Finally, the combined 1D-1R structure as shown schematically in Fig. 2 (e) and measured in Fig. 2(f) demonstrated the operation in the forward biasing condition (positive bias) and rectifying behavior in the reverse. We observed 906 VOLUME 6, 2018
FIGURE 2. (a) Schematic diagram of oxide diode and (b) I-V measurement showing rectifying characteristics. (c) Schematic diagram of localized Ti-doped NiO switching layer and (d) I-V measurement showing unipolar switching characteristics in either bias directions. (e) Schematic diagram of 1D-1R device and (f) I-V measurement showing both multi-valued states controlled by the current compliance and rectifying reverse bias conditions.
one intermediate state during resistance switching. The intermediate state occurred with the lowest current compliance at 30 μA. We also show that the current compliance set during switching slightly affects the reset current, that is the maximum current that flow before the devices return to the high resistance state. We next measured the cycle to cycle distribution across 100 cycles for devices with and without diodes (1R vs 1D-1R). In Fig. 3(a) the current values across cycles is shown for the samples as described in Fig. 2(c) and 2(d) . Meanwhile Fig. 3(b) demonstrates the improved distribution for devices described in Fig. 2 (e) and 2(f). The total current for the 1D-1R sample was lower by about 1 order of magnitude due to the resistance present across the diode.
Statistical distribution for the LRS and HRS states were made for just the Ti-doped NiO layer and the combined 1D-1R device. Fig. 3(c) shows the data for 100 cycles on 10 separate Ti-doped NiO switching layers for a total of 1,000 data points. Meanwhile the improved distribution for the combined 1D-1R device is shown in Fig. 3 (d) for 100 cycles across 2 devices.
IV. DISCUSSION
Improved distributions are explained by the diode acting in combination with the resistance switch layer. During current switching, because the resistive switching layer (Ti-doped NiO) varies its resistance several orders of magnitude, it is prone to large uncontrollable current spikes during normal operation (either DC or pulse measurement). Previously we showed an external resistance could alleviate these current spikes within resistance switching layers [14] - [16] . Here we propose that the diode can act as an external resistance, while also providing the rectifying properties required for crossbar arrays [1] . In Fig. 3 we observed a reduction of 57 in the standard deviation in the LRS and a reduction of 2.1 in the standard deviation of the HRS.
The high reset current of unipolar oxide memories has been a concern [6] . Especially as this would lead to higher energy usage during switching operations. Another advantage of integrating into a 1D-1R structure becomes apparent from Fig. 3b and 3d , where the overall switching current is reduced as apparent from the increased LRS resistivity. This is also attributed to the reduced overall current through the switching layer, mediated by the diode device [9] .
Meanwhile localized Ti-doped NiO allows for more controllable switching even when samples are deposited at room temperature. Due to the drive towards higher densities and stacked fabrication of 3D devices, low temperature fabrication is becoming more important. We believe that the electronegative Ti (1.54) acts as a site to bind oxygen away from Ni (1.91), creating metallic Ni paths along grain boundaries required for switching similar to previous reports [17] .
In contrast to improvements in resistance distribution however, the overall set/reset voltages were unaffected in our samples. We show cycle to cycle reset and set voltage data for 100 cycles in the Ti-doped NiO layer in Fig. 4(a) . Similar to VOLUME 6, 2018 907 the resistance distribution, the 1D-1R structure is shown in Fig. 4(b) . We also plotted the set/reset voltage distributions of both structures in Fig. 4 (c) and 4(d).
The lack of improvement to set/reset switching voltage distribution to originate from the conical structure of the devices. Because the conducting filaments are localized in the Ti-doped NiO layer we observe the improvement in resistance distribution. In contrast the set/reset switching voltage related to the formation and rupture of the filaments is not affected at the size of our devices (700 nm diameter).
V. CONCLUSION
In conclusion, we have fabricated a 1D-1R structure using a localized Ti-doped NiO layer and oxide diode layer. We were able to achieve all fabrication at room temperature conditions which is important, especially if device integration is to occur during semiconductor back end processing, or for stacked 3D structures [1] . Furthermore, the addition of an integrated oxide diode significantly improved cycle to cycle distribution. 
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